AD-A032 057

UNCLASSIFIED

ol

NAVAL POSTGRADUATE SCHOOL MONTEREY CALIF F/G 8/3
EVIDENCE OF SUBARCTIC WATER MASS INTRUSIONS AT OCEAN WEATHER ST==ETC(U)
SEP 76 J F PFEIFFERs» R H BOURKE

NPS-68BF 76091 NL




e NPS-688F76091 ( /

NAVAL POSTGRADUATE SCHOOL

Monterey, Galifornia

ADAGS205

THESIS

EVIDENCE OF SUBARCTIC
WATER MASS INTRUSIONS
AT OCEAN WEATHER STATION NOVEMBER

by

John Francis Pfeiffer

September 1976

R. H. Bourke

Thesis Advisor:
Approved for public release; distribution unlimited.
(qur {) [) ‘::
G Tl
@I NOV 15 1916
uz)‘_ TR
B




1 ified
SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered)
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
"L T — ‘ 2. GOVT ACCESSION NOJ 3. RECIPIENT’'S CATALOG NUMBER
NPS - 68BF76091 |
¥ Etane duoeterey —— RS e wof?qrfvtma_-.
mO Evidence of Subarctic Water Mass B fflgii ;S;gﬁfso June 74
tTIntrusions at Ocean Weather Station) e y y b
NOVEMBERg .. o i A e ol 13
UL DRy T T CoNTRACT O GRANT WCRBERTS ]
(C;John/ff feiffer, in-cenjunction-with |
[~ Robert H. Bourke/ %
9. ’.(:"O‘-RHIVN”G OA;&ANVI laﬁon NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK 4
duate SCh001 / AREA & WORK UNIT NUMBERS
Naval Postgra N63134-75-P0-50005

Monterey, California 93940 Code 68BF ]

11. CONTROLLING OFFICE NAME AND ADDRESS ~1 1 AeroRT OATE
Commanding Officer /' /V | september 1876
Fleet Numerical Weather Central e T 2

Montere California 93940
. MONITORING AGENCY NAME & ADDRESS(!! different from Contrelling Office) 18. SEC

Naval Postgraduate School Unclassified
Monterey, California 93940

et

a. DECLASSIFICATION/DOWNGRADING
SCHEDULE

6. DISTRIBUTION STATEMENT (of thie Report)

Approved for public release; distribution unlimited ]

7. DISTRIBUTION STATEMENT (of the sbetract entered in Block 20, I{ different frem Repert)

8. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverese side if y and | fy by block )
Thermal advection Baroclinic Rossby wave
Ocean Weather Station NOVEMBER Subarctic water mass
Heat|budget
Subtropic front

20. nﬂn&r (Continue an reverse side Il necescary and Identify by bleck mamber)

A divergent heat budget equation which included the effects
of surface heat flux, horizontal and vertical advection, and
horizontal divergence on the near-surface heat content was used
to examine the role of thermal advection in the upper 250m of
the water column at Ocean Weather Station NOVEMBER. This

station is located on the southern boundary of the transition Mo
zone separating the Subarctic water mass from the Subtropic — e
FORM A ,.d',"/ £
Dg 1A 7 i sc0d o i Unclassified of(rab FOU/
( age ) SECURITY CLASSIFICATION OF THIS PAGE (When Deate EBntered)
1 &fbi’

y w— - . : | J




(' Unclassified

SeCuUMITY CLASSIFICATION OF THIS PaGE("hen Neta Entered

t ¥

water mass. Values for horizontal thermal advection changes
were computed over the period 1962-1970. This term was
correlated with salinity fluctuations over the period 1968-
1970. Pulse-like periods of cool advection were associated
with periods of reduced salinities suggesting these were
intrusions of Subarctic water. Over the nine-year period
] of analysis, these intrusions had a periodicity of 7 to 8
3 months with a duration of 3 to 4.5 months. It is suggested
these wave-like intrusions along the Subtropic front are the
_ result of the passage of non-dispersive baroclinic Rossby

! waves.

N

b

o it bt 2
1 AGCESSION for S
\ NTIS White Sectien |

\ gag Butf Sectian
l UNANROUNCED

L JUSTIFIBATION. cavanmnaismrssssmmseen?

i

§

9? 153573 Unclassified
S/N 0102-014-6601 2 SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

it tde s s i e ” 4 - — kj




Evidence of Subarctic Water Mass Intrusions
at Ocean Weather Station NOVEMBER

by

John Francis Pfeiffer
Lieutenant Commander, United States Navy
B.S., United States Naval Academy, 1967

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OCEANOGRAPHY

from the

NAVAL POSTGRADUATE SCHOOL
September 1976

Author <39; ég;ﬁcﬁg;QA,/
V4 4
Approved by: *//éi%-Jab

Thesis Advisor
,15%2Z2‘“’\j%§2;2‘"4~ﬂ//’

~ 3{ ﬁ Reader
.j\JqJBz A L&fgfﬁlﬁx

Chairméh,fDebartment of Oceanography

Academic Dean




NAVAL POSTGRADUATE SCHOOL
Monterey, California

Rear Admiral Isham Linder Jack R, Borsting
Superintendent Provost

This thesis is prepared in conjunction with research supported in
part by Commanding Officer, Fleet Numerical Weather Central, Monterey,
California 93940, under Project Number N63134-75-P0-50005,

Reproduction of all or part of this report is authorized.

Released as a
Technical Report by:

Robert R. Fossum W
Dean of Research '




i,

ABSTRACT

A divergent heat budget equation which included the
effects of surface heat flux, horizontal and vertical ad-
vection, and horizontal divergence on the near-surface heat

content was used to examine the role of thermal advection in

the upper 250m of the water column at Ocean Weather Station
NOVEMBER. This station is located on the southern boundary
of the transition zone separating the Subarctic water mass
from the Subtropic water mass. Values for horizontal thermal
advection changes were computed over the period 1968-1970.
Pulse-like periods of cool advection were associated with
periods of reduced salinities suggesting these were intrusions
of Subarctic water. Over the nine-year period of analysis,
these intrusions had a periodicity of 7 to 8 months with a
duration of 3 to 4.5 months. It is suggested these wave-like
intrusions along the Subtropic front are the result of the

passage of non-dispersive baroclinic Rossby waves.
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I. INTRODUCTION

A. GENERAL
The heat content of the upper layers of the ocean has

recently been of interest, particularly with respect to the

factors or forces which alter the heat state. Changes in
the heat content result in changes in the temperature struc-
ture and, with thgt, changes in the density distribution
and oceanic layering. A knowledge of these factors and an
attempt to predict and quantify their contributions is of
importance to the United States Navy, especially with regard
to anti-submarine warfare and its strong dependence on sound
speed profiles which readily respond to alterations of the

thermohaline structure.

B. THE HEAT BALANCE

An influential process in the alteration of the thermal
structure begins at the air-sea interface with insolation,
the rate at which short-wave energy from the sun enters the
sea. This factor, combined with the effects of back radia-
tion, evaporation, condensation, and conduction, produces a
net surface heat exchange across the air-sea interface. In
shallow water the effect of this net heat exchange is dis-
proportionately large; in deep water its role as a significant

process can vary with respect to other forces.

10




Redistribution of heat can occur via convective and
mechanical mixing, the former primarily a seasonal process
responding to the air-sea temperature differences, the latter
responding to the effect of wind and waves. Both are
significant in the layer above the main thermocline. |

Advection, vertical or horizontal, is a process of

transport of an oceanic property (e.g., temperature) solely

by the mass motion of the ocean. Its importance as a major
heat contributor has been uncertain. Studies as recently as
Thorne [1974] have computed horizontal thermal advection as
the difference between the surface heat exchange (Q,) and
the local change in heat content (3H/3t). However, no cor-
relations between the changes in horizontal advection and
those of net surface heat flux, atmospheric pressure, or

b salinity were undertaken to support the validity of the model.
It appears from this work and others [Tabata, 1961; Clark,
1967; Bathen, 1970] that horizontal advection does not com-
pletely account for the difference between local change in
heat and net surface exchange; additional processes must be
considered to account for this difference.

Emery [1976] assumed that, in addition to Qn and hori-
zontal advection (?Vh° ViHH) , vertical.advection and the
compensatory action of horizontal divergence/convergence
were major heat processes in the upper layer of the ocean.
Correlation studies which included these additional terms
suggested that they played a significant role in the heat

budget of the upper ocean. Emery developed a divergent heat

11
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budget (DHB) equation to model the correlation of these

terms with the heat content of the upper layers. However,

the contribution of each of the DHB terms to the heat balance

was not specified nor were they correlated with changes in

physical properties, e.g., salinity or oxygen.

C. OBJECTIVES

The purpose of this study was to complete and extend the

findings of these earlier investigations. Specifically, the

objectives of this research were:

® to quantify each expression in the DHB equation

®* to determine the following trends

- mean annual
- yearly by month
- anomalies

®* and in particular, to examine the significance of
horizontal advection in changing the heat content of
the upper ocean and to determine the validity of the
results by correlation with other oceanic parameters.

D. METHODOLOGY

In order to measure .horizontal thermal advection
(-Vh » VpH), one must either possess a large horizontal data
field of temperature and velocity to calculate the advective

term directly, or deal with temperature and salinity measure-

ments from a point source which necessitates accounting for
all the expressions in the heat balance and attributing the
residual to horizontal advection. In either case, it is

important to validate the horizontal advective heat process

12




by comparing changes in the thermal structure with changes
in a physical property such as salinity. Such a thermohaline
re-structuring can be the result of water mass intrusions.

Therefore, in order to realize the objectives of this
research, a long-time data record is needed as well as a
location that is readily influenced by water mass intrusions.
Ocean Weather Station NOVEMBER (OWS N) affords such an oppor-
tunity, since it offers both a long period of data and is
strategically positioned at the transition zone between the
Subarctic and Subtropical water masses.

The Subarctic water mass is a cool, low-salinity body of
water occupying the upper 300m of the Pacific Ocean, generally
north of 40°N. Subtropical water is characterized by a
shallow, warm, salty layer in the vicinity of 32°N. The
transition zone between these water masses is characterized

by sharp horizontal heat and salinity gradients [Roden, 1976].




I1. THEORY

A. GENERAL

In his examination of the role of vertical motion in
the heat budget of the upper 250m of the ocean, Emery [1976]
found changes in the heat content (3H/3t) at OWS N could
only be moderately explained by changes in heat across the
air-sea interface (Q). However, heat content changes could

:
‘ be explained far more accurately when two additional pro-

cesses, horizontal divergence and vertical advection, were
incorporated with the surface heat flux. To establish this
correlation, he developed a divergent heat budget (DHB)
equation which included these processes.

The major assumptions in the development of the DHB
equation are:

e Molecular diffusion and radiative heat flux out of the
column are neglected.

e The field of motion is comprised of a steady mean flow
upon which are superimposed internal Rossby waves with
periods from months to years.

e Temperature changes at the bottom of the water column
can be attributed mainly to vertical advection of the
mean thermal gradient at that depth. Since the base
of the column is always beneath the main thermocline
at OWS N, turbulent energy at this depth is small;
therefore, temperature changes due to turbulent mixing
can be considered negligible.

Starting with the equation for the conservation of heat
and by incorporating the above assumptions along with a

Reynolds decomposition to the temperature and velocity

14




expressions, Emery arrived at the divergent heat budget
equation,

W
2H/at - - [H - pCDTp] + Vpo vl = Q (1)

3 Z 3 4

where term 1 is the local change in heat content of a column
of water of depth D; term 2 is the heat change due to hori-
zontal divergence (WDH/D) and vertical advection tpCbWbTD)
through the bottom of the column; term 3, the change due to
horizontal advection; and term 4, the resultant gain or loss
of heat across the air-sea interface. Term 2 may be combined

as shown and expressed as Hd , the net change in heat content

iv
due to near-surface divergence/convergence and the compensatory
upwelling/downwelling mechanism.

Q is comprised of the following major terms,
DRE U N (2)

where
Qs = the rate at which short-wave energy from the
sun enters the sea.
Qb = the net long-wave back radiation from the sea
surface.
Qe = the net latent heat transfer (includes
evaporation and condensation).

Qh = the net sensible heat transfer (conduction).

15




e

H represents the heat content per unit surface area, 1

evaluated for the upper 250m, and is computed by

250 d
H 0J’pCpT z (3)

where p is the density and Cp is the specific heat at

constant pressure.

WD, the mean vertical velocity, is computed by

-oT
D/at
Uy = g (4)
D 9 D/3z

which assumes that temperature changes at D are due mainly
to vertical advection of the mean thermal gradient at D.

aTD/at represents the monthly temperature change at 250m and

BTD/az is the mean vertical temperature gradient at 2Z50m.

B. SIGN CONVENTION

The following sign convention is explained to aid in
later physical interpretation of the results (refer Figure 1).
Taking z positive downward and rearranging equation (1) to
solve for the change in heat content in the water column,

>

9H/at = Qq + Wp/D [H - pC DTyl - Vy - V;H.  (5)
1 2 3

1. Net Surface Heat Exchange, Qp

A positive value for Q, indicates that the column

of water gains heat as the net result of the various heat

16




Surface ----

Figure 1:

+2

® +x (East)

Direction of positive (heating) values

for the DHB terms.
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t exchange processes acting at the air-ocean boundary

[equation (2)]; negative values indicate that the ocean

releases heat to the atmosphere via these processes.

2. Divergent Heat Change, Haie ™ WD/D [H - pquTD]

2. A - pCpDTD] is always positive since it
represents pCp(T - T250) where T is the average temperature
throughout the column.

b. From equation (4), WD can be either positive or
negative. Examination of the records shows that at OWS N
aTD/az is always negative at D = 250m. If 3TD/at were
positive, i.e., a heating process, then a positive WD results
(downward vertical velocity). A negative WD (upwelling)
represents cooling. It follows then that term 2 of equation

(5) responds directly to the sign of W Therefore, the

D
cooling process is characterized by an upward vertical
velocity (WD negative), accompanied by an outward flow across
the vertical sides of the column (divergence) in accordance

with the law of continuity. Downward vertical velocity and

inward flow are associated with heating.

3. Horizontal Advection (-Vh- VhH)

Expanding the horizontal advection term into its

component parts yields

Ve U = -(ai + Vi) - (aH/ax 1+ aH/0y ). (6)

18




In the vicinity of OWS N isotherms are generally zonally
distributed, hence horizontal advection reduces to(-vdH/3y).
The north-south temperature gradient, 3T/3y is generally
negative and can be appreciable when the southern boundary |
of the Subarctic/Subtropic transition zone migrates to the
position of OWS N [Roden, 1976]. Positive horizontal advec-

tion indicates that heat is carried into the column generally

under conditions of a northward flowing current. A cooling
process is generally in response to a flow from the north.
When horizontal advection is due to the passage of an eddy,
the flow direction cannot be readily inferred. Whether heat
is gained or lost is dependent on the sign of the horizontal
temperature gradient; i.e., whether a warm core or a cold core

eddy is involved in the advection.

19




ITI. ANALYSIS OF DATA

A. SOURCE OF DATA

Mechanical bathythermograph (MBT) data have been taken
two to four times daily at OWS N since 1947. Monthly means
of temperature at 5m intervals have been produced by Ballis
[1973] from this data file. Significant gaps exist in these
data for the earlier years, limiting a detailed analysis to
the nine years, 1962-1970. In addition, MBT casts were
limited to 135m prior to 1962, a depth too shallow for use
in this study as the mixed layer is often slightly deeper
than this depth, especially in winter.

Within the 1962-1970 MBT time series, minor data gaps
were eliminated by incorporating temperature data from the
daily hydrocasts taken at OWS N since 1964 and on file at
the National Oceanographic Data Center (NODC). Although the
monthly means calculated from the hydrocast data are based
on fewer observations than those from the MBT data, no sig-
nificant difference was detected between either data set.

Standard deviations were similar and for those months when

- both sets of data existed, little difference in mean values

was noted.
A salinity time series was created from the NODC hydro-
cast data. Data gaps limited this series to the period 1968-

1970 since only a few short records existed prior to 1968.

20
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Monthly means and anomalies of the net surface heat
exchange (Qn) were taken from the report by Rabe and Bourke
[1975] which examined the various surface heat exchange pro-
cesses at OWS N. These data are based on three-hourly
observations from whence mean daily values for each month
were calculated from standard bulk flux formulae. The
dominant heat flux term, net solar insolation (Qs), was
calculated from the improved version of the QS equation

developed by Seckel [1973].

B. ANALYSIS TECHNIQUE

Of the terms in the divergent heat exchange equation (1),
the primary focus of this report was directed towards the
horizontal advection term (-Vh- VhH). This is a residual
term computed from the difference between the observed change
in heat content (3H/3t) and the computed values of surface

heat flux (Qn) and divergent heat flux (H ). This type of

div
analysis affords the possibility of error accumulation in the
residual term. However, it will later be shown that, in spite
of the possibility of error accumulation, the large anomalies
in horizontal advection are significantly greater than the

potential error contribution.

1. Determination of Local Heat Change

Changes in the heat content of the water column are
evaluated in this study on a seasonal scale by analyzing the
temperature profiles from the MBT data of Ballis [1973] and

the hydrocast data of Rabe and Bourke [1975]. These monthly

21
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observations can be considered, in most cases, to be centered
about the 15th of the month, since most monthly observations
were taken over the entire 30-day period. Some monthly means
were skewed to either side of the 15th in response to the
biased nature of the data collection, e.g., temperature data
for May 1968 were collected between the 12th and the 31st,
shifting the effective mean date for this month to 21 May.

It then follows that the average monthly heat content of the
upper 250m, H, can be determined from these mean temperature
profiles and assigned the same effective date. The mean heat

content of the column is found from

o plo0 =~
H fo pCpT dz (7)

where ECP is the product of the mean water density and
specific heat, assumed constant at 0.978 g-cal cm” 3 °C'1,

and T is the mean temperature profile over the specified time
interval.

The average monthly heat content was computed for the

period 1962-1970; 3H/3t was subsequently determined for the

interval between successive H's. The interval, 3t, ranged
from 23 to 52 days. Values are computed in langleys per day
1

)

2. Net Surface Heat Exchange g

(ly day’

The monthly mean daily values of 65, Ge’ Qb’ and Qh
were combined to determine the monthly mean daily contribution

of net surface heat exchange, ﬁh.

22
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3. Heat Divergence (Haiv)

As previously discussed, H is the expression that

div
includes heat exchange due to horizontal divergence and

vertical advection, where WD = '3Tn/ac [aTb/az]-l' Similar

to the procedure used to calculate 3H/3t, aTb/at was computed
from the mean temperature at 250m, i.e., Tb = TZSO over the
specified time interval, the interval between effective dates.
The temperature gradient (aTD/az) at 250m was computed from
the mean temperature profiles between 150 and 250m. This
value ranged from -0.043 to -0.069 °C m L,

4. Example of Computation Process

The following is an example of the analysis technique
applied to May and June 1968 (see Table I).
a. Effective Date
As shown in the listing of the daily distribution
of MBT observations for each month [Ballis, 1973], MBT casts
for May 1968 were made daily between the 12th and the 3lst;
no observations were taken prior to the 12th. Therefore, the

effective data for the mean monthly temp, TMay’

Examination of the following month's record indicates at least

is 21 May.

one lowering per day was taken every day of the month (the
most common situation). Hence the effective date, Tﬁune’ is
is

15 June. The time interval (5t) between TMay and TJune

established as 25 days.

23
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b. Heat Content
The mean monthly heat content was computed by
integrating the mean monthly MBT profile [Ballis, 1973] .to
250m at 5m intervals. From equation (7),
-2
Hﬁay = 401,000 gm-cal cm “ (langleys = ly)

H

June = 418,600 1y

It follows that the 3H/5t for this 25-day period
is a heat gain of 17,600 ly or an average daily heat gain of
700 1y day’ L.

c. Vertical Velocity

Recall that

i aTZSO/at
D
STZSO/BZ

’

(1) For May

91250 _ [11.49 - 16.10]°C

I3 250 - 150m

= -0.0461°C m- L ;

(2) For June

5T

250 _ [11.35-15.90]°C 1

33 250 - 150m

= -0.0455°C m

Therefore, the effective vertical temperature

gradient during the 25-day interval separating the average

profiles is -0.0458°C m L.




(3) Change in Temperature at 250m

aT % ° b
;50 _ fI8.55 11.49]1°C _ -0.0056°C day 1 .
t 25 days
Therefore,
W »-020.0056) _ .5 197 day.1 :

[-0.0458]

d. Average Net Surface Heat Exchange, Gﬁ

Average daily Qh
May : <224 1y day—1

June: 227 ly day'1
The average net surface heat exchange for the period 21 May-

15 June is:

1

A [224][10 days] + 227 [15 days]
2 25 days

= 225.8 1y day’
e. Hdiv
The Hy;, term is dependent mpon the mean heat
content in the column between the effective dates (H) and the

mean temperature at 250m over this same period (TESO)

=]

T - CpDeTygq |

250
H (
50m F

div 2

D = 250m

From 4.b. and Table I,

- 418,600 + 401,000
2

T - 11.49 + 11.35

= o
250 5 11.42°C .

= 409,850 1y ; ‘
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where D =

Horizontal Advection ( -Vh- VhH)
Solve the remaining terms in equation (1)
250m :
-%'Tv—gaﬁ-q=.w—n[f- [ B A
i 5t m. D Pin® *p
17600 -0.122
[ ¢ ] - 225.8 - [ —735_]

4

[409,850 - (0.978)(2.5 x 10" cm) (11.42°C)]

1

538 ly day~ ( a heating process )

This is the average daily contribution to the

heat column over the period from 21 May to 15 June 1968.
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IV. RESULTS

A. GENERAL

Emery [1976] showed that the mean annual cycles of heat
content within the mixed layer and within the upper 250m of
the water column were significantly out-of-phase. This
indicates that below the main thermocline, where turbulent ]
kinetic energy is minimal, there are additional factors
involved in the heat transfer process other than horizontal
advection. Noting the fluctuations of the 14°C isotherm
at both the short and long time scales, Emery assumed that
vertical motion at 250m contributed significantly to the
variability in the heat content and should be included in
any conservation of heaf equation.

As illustrated in the preceding section, the magnitude
of these vertical terms and the net surface heat exchange
were computed from the monthly mean temperature profiles.
The remaining contribution to the observed change in the heat
content was attributed to horizontal advection, a term not
computed specifically, but determined as a residual from the
DHB equation. The mean local change in heat content f3573¥7
is plotted for the period 1962-1970 (Figure 2). A plot of

the factors which contribute to the local heat change ( Qh,

-

Hdiv’ -vh- VhH ) are plotted for the same period in Figure 3.
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Figure 2: Nine-Year plot of the monthly
change in heat content (3H/3t)
in the upper 250m at OWS N.
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Nine-year plot of the major
change (3H/3t) at OWS N.
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One immediately notices in Figure 2 the pulse-like occur-
rences of large anomalies in the local heat change, especially
the numerous events of large heat withdrawal, e.g., February
1968 and April 1969. Comparing this time series with the
corresponding values of the DHB terms of Figure 3, one notices
that the pulse-like nature of the large anomalies in 3H/3t,
which is physically measured, cannot be satisfactorily accounted

for by Qn or Hdi » since the former exhibits no pulse-like

v
anomalies and those of the latter are small. It is horizontal
advection, in fact, which must account for the large fluctua-
tions in the 3H/3t time series. Emery showed that upwelling,
which is reflected in the Hdiv term, operates to change the
relationship between Qn and 3H/3t. However, this does not

mean that Hd automatically acts as the major influence in

iv
the balance of heat. What Emery has done, in fact, in his
examination of the role of vertical motion in the heat budget,
is to make more reliable the approximation of the horizontal
advection contribution. Therefore, of the DHB terms, the
primary interest of this study lies in the role that horizontal
thermal advection plays in altering the heat content of the
upper layers of the water column from year to year. Since

-Vh -vhH is a residually-determined expression which is
potentially contaminated by measurement and modeling inaccu-
racies, it is necessary to evaluate whether the magnitude and

fluctuations of the term bear any resemblance to physical

reality.
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One possible approach is through water mass analysis,
since the transport of heat is usually accompanied by the

transport of other properties such as salinity or dissolved

oxygen. Water mass analysis through temperature and salinity

correlations is particularly useful at OWS N since it lies

on the southern edge of the transition zone between the Sub-
arctic and the Subtropical water masses, a frontal boundary
distinguished by its sharp horizontal and vertical gradients.

The position of OWS N is fortuitous since any significant in-

trusion of cool, low-saline, Subarctic water should strongly
influence the thermohaline structure of the upper 250m.

Correlation of salinity changes with thermal advection
changes at OWS N is necessarily limited to the three years,
1968 through 1970, due to a lack of salinity data for the
previous years. However, because of the good correlation i
between salinity and thermal advection during 1968-1970
(shown later in this section), one can surmise that thermal
"events'" of horizontal advection in the earlier years can be
related to water mass intrusions.

First, the data will be analyzed by examining the mean
annual contribution from each of the terms in the DHB equa-
tion, followed by a discussion of the major horizontal

advective anomalies.

B. MEAN ANNUAL CYCLE
The mean annual cycle for each term in the DHB equation

was calculated by averaging the mean monthly values from
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1962-1970 (Figures 4 to 7). One must interpret the results
with caution as the mean annual curves are based on a maximum
of nine years of monthly averages, far too few to draw
conclusive results.

The mean annual cycle of 3H/3t (Figure 4) exhibits a
broad general tendency for heating from April to September,
followed by a cooling trend for the remainder of the annual
cycle. The actual curve is a series of oscillations fluctu-
ating about this trend by 200 to 300 1ly day'l. However, of
the component terms in the DHB equation, only Qh displays an
annual cycle and is therefore the term which creates the
cyclic trend in 5H/3t. The other terms appear to fluctuate
as pulses and serve to enhance or to suppress the trend in
surface heat flux.

The pulse-like nature of the horizontal advection term
appears non-seasonal and is noticeably larger in most cases
than ﬁaiv in its contribution to 3H/3t. If, as anticipated,
its oscillatory nature is due to a water mass intrusion,
the thermohaline structure of the environment should be

significantly altered. Hence, salinity changes during any

large advective cycle should also exhibit a pulse-like nature.

This hypothesis is supported by Hansen [1973] who obse:&ed

that surface salinity changes at OWS N were pulse-like occur-
rences displaying neither a seasonal trend nor a correlation
with any seasonal process, e.g., evaporation minus precipita-

tion.
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C. HORIZONTAL ADVECTION ANOMALIES
The years 1968-1970 were highlighted by five distinct
anomalies or events in horizontal advection. A detailed
examination of each event is presented in Appendix A.
The initial phase of each of these irregularities was
a sharp cooling trend followed by a substantial recovery
period of warm advection. Rapid cooling of the water column
occurred over a period of 25 to 30 days causing the heat
reduction by horizontal advection to increase from near zero
values to approximately 300 to 850 1y day-1 at the peak of
the cold water intrusion. Thus, the daily change of heat
loss during these cooling periods was approximately 10-23 1ly
day°1.
A rebound to initial conditions occurred following these
cooling peaks over approximately the same time period as the
cooling trend. Typicélly, the return to mean conditions was
followed by an overshoot of heating, peaking at 300 to

500 1y day !

, eventually returning to mean conditions about
3 to 4.5 months after the intrusion of the low-temperature
water mass.

Salinity changes during each of these events were signif-
icant at the surface and throughout the 250m water column
(see Table II, Appendix A). Each thermal advection event
was accompanied by a concurrent salinity change, i.e., the
initial cooling trend was accompanied by a large salinity

decrease throughout the column, while the rebound phase of

warm advection was characterized by salinity increases.
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The average changes at the surface, 50m, 150m, and 200m,

during cooling trends were -0.21, -0.18, -0.17, -0.15%00,
respectively. During the rebound phase mean salinity increases
] were 0.23, 0.16, 0.13, 0.10°/,,.

Since each horizontal advective cooling trend was char-

acterized by a concurrent and significant decrease in the

mean salinity and each advective heating trend was accompanied
by an equally sharp salinity increase, ®t can be concluded
that the major cause for these thermohaline fluctuations was
the intrusion of the Subarctic and the Subtropic water masses.
Also note that in the nine-year time series (Figure 3)

horizontal advection (-Vh -vhH) and Hdiv do not necessarily

fluctuate in phase. For example, refer to Events 1 to 5 in

Figure 8. Note that in Events 1, 2, 3, § 5 the H term

div

follows the trend of horizontal advection; in Event 4 Hdiv

is oppositely directed.

An interesting phenomenon was noted in the salinity
changes at 200m during these events. Events 1, 2, 3, § S
4 are periods of cool horizontal thermal advection, i.e.,

intrusions of low-salinity Subarctic water. Simultaneously

with these Subarctic intrusions, Hdiv indicates the occurrence
of upwelling. During these trends, the salinity decrease at
200m averages -0.12°/,o,. However, in Event 4, where the Hdiv
term indicates that downwelling was occurring, the salinity

change at 200m is a very large -0.34°/,.,. A possible explan-

ation for these salinity differences is that during each of

these intrusions of Subarctic water, the temperature and
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salinity in the upper layers are lowered. During coincident

upwelling periods (H negative), the salinity decrease due

div
to advection is suppressed by the introduction of higher
salinity water from the lower portion of the Subarctic halo-
cline (Figure 9). However, during Event 4 the downwelling
action enhances the salinity reduction due to advection by

mixing downward the lower salinity values of the upper

halocline.

D. BAROCLINIC ROSSBY WAVES

These thermohaline changes suggest the intruéion and
subsequent recession of the Subarctic water mass at OWS N in
a pulse-like, non-seasonal manner. This translation of the
boundary may be explained only partially by examination of
surface wind stress since the resultant Ekman dynamics cannot
fully account for the temperature and salinity fluctuations
between the main thermocline and 250m.

The non-seasonal nature of the horizontal advection
anomalies indicates that perhaps the driving mechanism itself
is non-seasonal. An examination of atmospheric data from
1968-1970 reveals no unusual atmospheric pressure anomalies
or significant weather deviations during the time of the large
advective anomalies. What is apparent, however, about these
pulse-like cooling/heating trends is their 7- to 8-month
periodicity -- an indication perhaps that the southern boundary
of the Subarctic/Subtropic transition zone might be responding
to the passage of non-dispersive baroclinic Rossby waves, as
suggested by Bernstein and White [1974].
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In their study of the time and length scales of baroclinic
eddies in the Central North Pacific Ocean, Bernstein and White
examined the subsurface temperature fluctuations at OWS N
using the MBT data compiled by Ballis [1973]. They determined
that the large-amplitude fluctuations of the average monthly
temperature at 200m, which was below any seasonal influence,
could not be due to effects of internal waves or variations
in the geostrophic flow. They noted a long-period fluctuation
of six years upon which smaller variations occurred with
periods of two to six months. They attributed these scales
of motion to baroclinic, non-dispersive, Rossby waves. How-
ever, they were unable to localize the dominant period of
maximum energy in the spectral density functions for the sub-
surface temperature profiles as their data record length (the
same as used in this report) limited the maximum resolution
to about six months. Much energy is undoubtedly contained in
longer period waves. From his study of spectra from tempera-
ture records from the ocean weather ships in the Atlantic,
Gill [1975] showed that the spectra are different at each
station, but that large energy levels existed at periods
greater than six months, especially for stations near frontal
boundaries. It is suggested, then, that the 7- to 8-month
occurrences of large advective cooling/heating, evident in

this analysis, are the results of baroclinic Rossby waves.

E. SUMMARY
It is apparent that the effect of these wave-like eddies

on the temperature and salinity structure near water mass
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boundaries can be substantial. Each of the large advective
anomalies was characterized by an initial cooling trend, an
indication that the southern edge of the transition zone at
OWS N was being pushed southward. The thermal and salinity
structure of the water column reacted accordingly to the
intrusion of fresh, cool water from the north. As the eddy
progressed westward, it allowed the transition zone boundary
to "rebound" towards the north wherein the thermal and salin-
ity structure responded to the return of the warm, saline

subtropical water mass.
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V. CONCLUSIONS

This study investigated the effects of horizontal thermal
advection in the upper 250m at OWS N from 1962-1970.

In accordance with the divergent heat budget (DHB) equa-
tion, heat changes that were not due to the combined effects
of net surface exchange, vertical advection, and horizontal
divergence were attributed to horizontal thermal advection
in maintaining the balance of heat in a column of water.

The investigation concentrated on the period 1968-1970
and centered on water mass analysis and its relation to the
large anomalies in horizontal advection. The results of
this research show:

* The divergent heat budget equation is a valid approach
to the determination of horizontal advection.

® Qn, the net surface heat exchange, exhibits an annual
cycle and is therefore the term which creates the
cyclic trend in 3H/3t. The other DHB expressions
fluctuate as pulses and serve to enhance or suppress
the trend in surface heat flux.

* The large pulses in 3H/3t are the result of large
pulses of horizontal thermal advection and, to a
small degree, are influenced by the pulses of Hyjve

¢ During the years 1968-1970, there were five significant
horizontal advective anomalies, each distinguished by
an initial cooling trend in conjunction with a sharp
salinity decrease, followed by an advective warming
period and salinity increase throughout the entire
250m column. These large advective cycles coincided
with the largest of the changes in mean monthly salinity.

¢ The change in salinity is in response to translation
of the Subtropic/Subarctic water mass boundary zone.
Cold horizontal advection is a result of the intrusion
of Subarctic water while advective warming is indicative
of a return of the Subtropical water mass.
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e Horizontal advection and Hgjy do not necessarily
fluctuate in phase. A period of upwelling (Hgjiy
negative) serves to suppress the salinity change at
200m due to horizontal advection by mixing upward
the higher salinities from the lower portion of the
intruding Subarctic halocline. Conversely, down-
welling (Hyj, positive) enhances the salinity decrease
due to horizontal advection.

* The pulse-like nature of these five events is suggested
to be in response to a non-dispersive baroclinic Rossby
disturbance whose wave-like characteristics are respon-
sible for the depression of the southern edge of the
Subtropic/Subarctic transition zone into OWS N.
Intrusions of Subarctic water occur approximately every
7 to 8 months. The duration of each intrusion is about
3 to 4.5 months.

® Other horizontal advective anomalies occurred in the
period 1962-1967, but remain unsubstantiated by any
changes in oceanic physical properties. In particular,
a distinct lack of documented salinity data for this
period prevented the examination of any thermohaline
response to horizontal advection. However, these
anomalies are, as in 1968-1970, non-seasonal in occur-
rence and exhibit the same characteristic period and
duration.
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APPENDIX A
HORIZONTAL ADVECTION EVENTS

The details of each horizontal advection event are pre-
sented in Figure 10. Each event is divided into a cooling
trend (A) and a heating trend (B). Each of these trends is
associated with a salinity change throughout the column,
values for which are incremented at the surface, 50m, 150m,
and 200m and are listed in Table II. Note that cbol advec-
tion is always associated with a reduction in salinity and
that salinity increases during periods of advective warming.
The large change in salinity at 200m during Event 4 occurs

because Hdiv is out of phase with horizontal advection.
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Table II: Salinity changes (°/oo) during
horizontal advection anomalies

Salinity Change

Event Surface 50m 150m 200m
1A -0.26 -0.19 -0.20 -0.18
2A -0.14 -0.18 -0.11 -0.15

-Vh -V, H
3A -0.11 -0.13 -0.20 -0.10
Cooling
4A -0.14 -0.15 -0.10 -0.34
S5A -0.28 -0.17 -0.12 -0.06
1B +0.25 +0.19 +0.14 +0.23
2B 0.24 05103 0.05 0.01
-Vh -V, H
3B 0.26 0.20 0.30 0.22
heating
4B 0.30 0s 27 0.11 0.08
SB 0.10 0.12 0.10 0.05

sy
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